In order to understand the formation mechanisms of indium contacts which were previously developed for CdTe radiation detectors with p-i-n structure, microstructure of the indium contacts which were deposited at various substrate temperatures on the p-CdTe substrates and subsequently annealed at temperature ranging from 200 to 400 C were analyzed by X-ray diffraction and transmission electron microscopy. The microstructural analysis revealed that reactions between CdTe and In were enhanced by the substrate heating during deposition and growth of In 4 Te 3 or InTe compounds on the CdTe surface was observed. Current leakage and stability of the CdTe radiation detectors were strongly correlated with the microstructure of CdTe/contact interfaces. The indium contacts, which were deposited at substrate temperature of 400 or 350 C and subsequently annealed at 350 C for 1 h in vacuum, displayed rectifying I-V behaviors and satisfied the device requirement. In addition, the excellent thermal stability of these contacts was observed. We found that the formation of the InTe compounds was essential for production of the p-i-n CdTe detector devices which require highly reliable rectifying contacts.
Introduction
Detection accuracy and stability of a semiconductor radiation detector is strongly influenced by the device structure. 1) An ideal structure for high-resolution X-ray and gamma-ray radiation detectors is to have p-type semiconductor/intrinsic/n-type semiconductor which is conventionally called as p-i-n diode. Figure 1 shows a schematic drawing of the p-i-n diode detector. The detector consists of a single crystal having an intrinsic or lightly doped semiconductor sandwiched by p-and n-type semiconductors. A reverse-bias voltage applied across the detector depletes charge carriers in the intrinsic semiconductor, constituting the radiation sensitive volume. When the incident radiation interacts the depleted semiconductor region, electron-hole pairs proportional to the energy and amounts of the incident radiation are generated. The applied electric field separates these carriers to the respective contacts, leading to a current flow in the external circuit as the carriers drift across the depletion layer. The high resolution detectors must collect all charged carriers to the respective contacts.
Requirements for the intrinsic semiconductor are as follows.
(1) Since the dark leakage current induces an electric noise, a semiconductor with low leakage current at a high electric field is required. Thus, a bandgap energy (E g ) of the semiconductor should be large. (2) For high quantum efficiency for photons, a semiconductor with strong radiation absorption at a relatively thin (<1 mm) intrinsic layer is required. Thus, an average atomic number of the semiconductor should be high. Cadmium telluride (CdTe), which has a large energy bandgap ($1:5 eV) and a high average atomic number (Z CdTe ¼ 50), satisfies these requirements, and operates at room temperature with high energy resolution.
2) Excellent performances of the CdTe detectors with p-i-n structure were experimentally demonstrated by many researchers. [3] [4] [5] [6] Shin et al. fabricated p-i-n detectors by sandwitching the CdTe substrate with p-type and n-type heteroepitaxial HgCdTe layers. 6) Niraula et al. grew an iodine doped nCdTe layer on the Te-face of CdTe by a metalorganic chemical vapor deposition (MOCVD) technique. 5) However, the CdTe detectors deteriorated when the CdTe crystals were exposed to a high temperature during the junction fabrication process. In addition, the long-term stability during detector operation was the key issue for a practical use of the p-i-n CdTe detector. Degradation of the detection performance during device operation (called as a polarizaion effect) was often observed in the detector with p-i-n structure. 7) Although the detection performance recovered after the bias was re-applied, the polarization effect did not satisfy the stability requirement of the practical use. Therefore, it was necessary to develop a simple, low temperature fabrication process for the CdTe detector with high stability. Recently, a significant improvement in the spectral properties and the stability of the CdTe detectors using homogeneous CdTe crystal was achieved by Ohno et al. [8] [9] [10] [11] [12] They prepared a rectifying In contact on the Te-terminated surface of the CdTe semiconductor with low hole concentration by depositing In on the substrate kept at high temperature, and a Pt contact on the Cd-terminated surface of the CdTe semiconductor as ohmic contact by electroless plating. 12) Since the barrier height at the Pt/p-CdTe interface is relatively low, these detectors would have p-i-n diode structure, where a n-type semiconductor might be formed at the interface between the In contact and the p-CdTe semiconductor.
The purpose of the present study is to investigate an intermediate semiconductor formed at the interface between the In contact and the CdTe by analyzing the interfacial microstructure using X-ray diffraction (XRD) and transmission electron microscopy (TEM). These studies will provide us a guideline for developing the electrodes used in the high performance CdTe radiation detectors.
Experimental Procedures
The Te or Cd terminated (111) oriented CdTe single crystals were grown by a traveling heat method (THMCdTe), 13) where Cl atoms were doped at a level of 2 ppm. The typical electrical resistivity of the CdTe crystals was about 1{2 Â 10 9 cm and the Hall measurements indicated the CdTe crystals had p-type conduction. Prior to contact metal deposition, the CdTe substrate surfaces were chemically cleaned by immersing in 1% Br-methanol solution for 2 min at room temperature. The In electrodes were deposited at the rate of 3 nm/sec on the CdTe substrates which were kept at various temperatures as listed in Table 1 . Samples A's were prepared by depositing In on the CdTe substrates which were cooled at liquid nitrogen temperature during depositions since it was difficult to prepare an uniform thin In layer at room temperature. Samples B's, C's, and D were prepared by the following steps. First, the substrates were loaded into a vacuum chamber with the base pressure of below 2 Â 10 À6 Pa, and were isothermally annealed at a temperature ranging from 200 to 400 C for 30-60 min in the vacuum chamber. Then, indium (In) layers with thickness of 300 nm were evaporated on the CdTe substrates with Teterminated surface which were kept at a predetermined temperature for about 20 min.
Some of the CdTe/In samples were subsequently postannealed in a vacuum at a temperature in the range of 200 to 400 C. After the In deposition, Pt layers were plated on the opposite (Cd-terminated surface) of the CdTe wafer by electroless plating. These Pt contacts showed ohmic I-V behavior.
The leakage current was measured at room temperature in a dark room and the performance of the radiation detectors were evaluated using various radiation sources in Acrorad.
14)
The surface morphology of the samples was observed by an optical microscope. Microstructural analyses were carried out for the samples before and after annealing using X-ray diffraction (XRD), a focused ion beam system (FIB), and cross-sectional transmission electron microscopy (XTEM).
Experimental Results
Interfacial microstructures of the In contacts prepared on the p-CdTe substrates by the various methods (Table 1) C as seen in Fig. 2(b) . It is interesting to note that the each island shown in Fig. 2 (b) has a doughnut shape although the reason is not clear at the moment. The XRD measurements (the data are not shown here) showed that reaction between CdTe and In was negligibly small even after the annealing at 200 C although this temperature is higher than the melting point of indium.
The interfacial reactions between the CdTe and the In layers of Samples B's were observed by XRD analysis, and the X-ray profiles are shown in Fig. 3 The XRD profiles of Sample-C1, Sample-C2, and Sample-D1 are shown in Fig. 4 . For Sample-C1, diffraction peaks 4. Discussion 4.1 Possibility of formation of p-i-n structure diode by high temperature In deposition The electrical properties of the In contacts deposited on ptype CdTe at elevated temperatures and the radiation detection performances of the Pt/CdTe/In detectors were studied by Ohno and the details were given elsewhere. 14) Ohno found that the In deposition on the CdTe substrates which were kept at high temperature reduced significantly the leakage current and that the high substrate temperature deposition was desirable for production of the stable detectors. Correlation between the detection performance 14) and the CdTe/In interfacial microstructure analysed in the present experiment is summarized in Table 2 . The XRD and XTEM observations reveal that the leakage current and the thermal stability of the CdTe radiation detectors are strongly correlated with the microstructure of the CdTe/contact interfaces. . On the other hand, the interfacial reactions were not detected in the samples which were prepared by depositing at relatively low temperatures and subsequent annealing at elevated temperatures [ Fig. 6(a) ]. It is well known that the surface properties of the substrates play a key role in reaction at the substrate/metal interfaces. The surface properties of CdTe prepared by various surface treatments were extensively investigated by other authors. 15) In chemically etched samples, thin oxide (TeO x ) layers or amorphous contaminated layers were observed to grow on the CdTe surface [ Fig. 6(a) ]. The fact that the reactions between CdTe and In were enhanced by heating the substrate during depositions indicated that the surface oxides or the contaminants were cleaned by the substrate heating in vacuum [ Fig. 6(b) ].
Effects of p-
The present experimental results clearly indicated that the formation of indium telluride compounds would play an important role in the electrical properties at the CdTe/contact interfaces and the detector stability. Especially, the detector stability of the CdTe/InTe structure was significantly improved. Based on both the present microstructural analysis and the electrical properties, a current transport mechanism of the In-based contacts for p-CdTe are discussed below.
It was reported that the tetragonal InTe compound has the metallic electrical properties as well as semiconducting properties.
16) Jansen and Moodera demonstrated that heterojunctions which were formed by evaporating the crystalline InTe films onto the p-type Si substrates displayed rectifying I-V behavior with low reverse-bias leakage current. 17) These results suggested that the In contacts deposited at the elevated temperatures formed the InTe compound layers with n-type semiconductor property and the p/n junction was formed on the p-type CdTe substrate. This is a reason why the leakage currents were drastically decreased in the CdTe/InTe structures. Although there are a few reports for the conduction type of the In 4 Te 3 compound, we believe that the In 4 Te 3 compound is also n-type semiconductor and forms heterojunction on p-CdTe.
The polarization effect can be explained by a non-uniform electric field due to the charge accumulation at the metal/ semiconductor interface, although the detailed mechanism for the polarization effect is not fully understood at the moment. The polarization effect appears when the internal electric field by the accumulated charge becomes comparable to the electric field generated by the external bias, causing reduction of a depletion layer thickness in the intrinsic semiconductor. In order to increase the quantum efficiency, the depletion layer must be sufficiently thick to absorb large amounts of the incident radiation. Thus, the effect could be minimized by operating the detectors under a high applied electrical field for which a depletion layer becomes thicker than a thickness of CdTe. In the present experiment, we believed that the InTe contacts deposited at elevated substrate temperatures are essential for production of stable CdTe radiation detectors with high energy resolution.
Summary
The interfacial microstructure and the electrical properties of the indium contacts which were prepared by depositing at various substrate temperatures on the p-CdTe substrates and subsequently annealing at temperatures between 200 and 400 C were investigated. The XRD and XTEM observations revealed that the substrate heating during the In deposition facilitated the reaction at the CdTe/In interfaces to form the In 4 Te 3 or InTe compounds. The leakage current and the stability of the CdTe radiation detectors were strongly correlated with the microstructure of CdTe/contact interfaces. The formation of the InTe compounds with n-type conduction are concluded to be essential for the production of the highly reliable CdTe radiation detectors with p-i-n structure. 
